Introduction
Ionizing radiation induces genomic instability, which is transmitted through many generations after irradiation via the progeny of surviving cells (Figure 1 ) (Morgan et al., 1996; Little, 1998; Trott and Rosemann, 2000; Lorimore and Wright, 2003) . Since delayed phenotypes are not induced uniformly among the progeny of surviving cells, and because the frequency of genomic instability is significantly higher than that of conventional gene mutation, it is not likely that it arises from gene mutation. Following the early studies that showed reproductive death up to six generations after exposure to ionizing radiation (Puck and Marcus, 1956) , several studies have reported the induction of delayed reproductive death or delayed lethal mutation in many mammalian cell systems (Sinclair, 1964; Seymour et al., 1986; Gorgojo and Little, 1989; Mendonca et al., 1989; Chang and Little, 1991; Fitzek and Trott, 1993; Suzuki et al., 1998; Roy et al., 1999) . Other reports have also shown the increased frequency of giant cells, apoptosis, and micronuclei in the progeny of surviving cells (Trott et al., 1998) , indicating that one of the causes of radiation-induced genomic instability is delayed cell death. Delayed chromosomal instability, as evidenced by the induction of nonclonal chromosome aberrations, has also been reported to be transmitted through many generations after irradiation (Pampfer and Streffer, 1989; Kadhim et al., 1992; Sabatier et al., 1992; Holmberg et al., 1993; Marder and Morgan, 1993; Grosovsky et al., 1996; Ponnaiya et al., 1997; Roy et al., 1999) . Observed chromosome aberrations include chromosome breakage-type aberrations and dicentric chromosomes (also include the gaps and breaks observed by Ponnaiya et al., 1997) resulting from chromosome fusions arising from telomeric or interstitial telomeric sequences. Delayed mutagenesis has been examined in the HPRT locus, and increased mutation frequency was detected in the progeny of surviving cells (Chang and Little, 1992; Grosovsky et al., 1996; Harper et al., 1997; Limoli et al., 1997b) . Molecular analysis of the mutants revealed that the mutation spectrum was significantly different from that observed in direct mutants, and most of them were point mutations (Little et al., 1997; Little, 1998) . Delayed mutagenesis was also found in the reporter plasmid stably introduced into cells, and the mutants showed deletions involving the transfected gene (Li et al., 2001) . Its persistence over many generations of cell division suggests that there is a mechanism by which exposed cells transmit the memory of DNA damage through their progeny. To date, radiationinduced genomic instability has been observed commonly in various types of mammalian cells; however, it is a complex process, and the mechanisms underlying its initiation, perpetuation, and manifestation of radiation-induced genomic instability are not yet fully understood.
Mechanism of radiation-induced genomic instability

Initiation of radiation-induced genomic instability
Previous study indicated that DNA-damaging agents, including X-rays, restriction endonuclease Hinf I, but not UV-C light, induced genomic instability (Chang and Little, 1992) . Another report has shown that the radiomimetic drugs bleomycin and neocarzinostatin were also effective at inducing delayed chromosomal instability (Limoli et al., 1997a) . These reports strongly suggest that DNA double-strand breaks are the initiators of radiation-induced genomic instability. Both the substitution of 5-bromodeoxyuridine for thymidine, which causes DNA strand breakage (Limoli et al., 1999) , and incorporation of 125 I-iododeoxyuridine, which causes DNA damage at the site of their decay , induce delayed chromosomal instability, suggesting that DNA strand breaks in the nucleus lead to genomic instability. Furthermore, environmental mutagens, which cause DNA strand breaks, initiate genomic instability , and support the idea that DNA is a critical target for radiation-induced genomic instability. It should be considered that the restriction endonuclease Hinf I induces delayed reproductive death, but different restriction enzymes that produce DNA double-strand breaks with either 5 0 or 3 0 overhanging ends, or blunt ends, do not induce delayed chromosomal instability (Limoli et al., 1997a; Morgan et al., 1998) , indicating that DNA double-strand breaks are necessary, but that DNA double-strand breaks per se are not enough to induce genomic instability.
It is well known that radiation-induced DNA damage is repaired through nonhomologous end-joining (NHEJ), single-strand annealing (SSA), and homologous recombination (HR) pathways. Although most of the DNA damage is repaired correctly, it is also well established that the repair process disrupts the genome structure, which may manifest as a mutation induction at the HPRT locus (Yamada et al., 1996; Kiefer et al., 1999; Singleton et al., 2002) . Using I-SceI endonuclease expression system, it has been shown that NHEJ repair generally results in small deletions or insertions at the breakpoints (Liang et al., 1998) , whereas homologous recombination results in no sequence loss, but does cause loss of heterozygosity or chromosomal translocations (Moynahan and Jasin, 1997; Richardson and Jasin, 2000) . Moreover, intrachromatid single-strand annealing has been found to give rise to interstitial deletions (Pipiras et al., 1998) . These results indicate that several types of DNA repair pathways could convert the initial sites of DNA double-strand breaks to unforeseen structure in the genome, which might need reorganization of the chromatin domains. Interestingly, DNA double-strand breaks induced by blunt-ended restriction enzymes, which do not induce genomic instability, were repaired by illegitimate endjoining, and the events were accompanied by a single base insertion or small deletions (Phillips and Morgan, 1994) . In contrast, it has been shown that DNA double-strand cleaving agents, neocarzinostatin, and bleomycin-induced rearrangements are highly conservative, with little or no loss of bases at the sites of breaks (Wang et al., 1997 (Wang et al., , 2002 , although they could induce genomic instability. These results suggest that gross rearrangements of the chromatin, or the multiple intrachromosomal breakage or DNA damage clustering are responsible for the initiation of genomic instability.
Perpetuation of radiation-induced genomic instability
Radiation-induced genomic instability is transmitted through many generations after irradiation, suggesting that there may be a mechanism by which the radiation exposure is memorized. What is the transmissible memory of DNA damage? Although a recent study has proved that DNA double-strand breaks induced by very low doses of X-rays remain unrepaired for many days in confluent cells, those carrying DNA doublestrand breaks were eliminated through subsequent cell division (Rothkamm and Lobrich, 2003) . Studies using normal human cells, which contain the wild-type p53 function, induce radiation-induced genomic instability. Since a single DNA double-strand break is sufficient to initiate p53 response (Huang et al., 1996) , it is not likely that DNA strand breaks are inherited through many cell divisions in normal human cells. These experiments exclude the possibility that the memory is to be transmitted as DNA damage per se.
We have hypothesized that radiation exposure causes nonlethal, potentially unstable chromosome regions (PUCR), and that PUCRs are transmissible for many generations after irradiation (Figure 2) (Suzuki, 1997) . PUCRs could be reactivated by chance, and they could cause delayed DNA breakage. We believe that PUCRs are induced by DNA double-strand breaks, which are converted into a gross genome rearrangement. To prove the presence of PUCRs in the genome, we have compared the frequency of delayed aberrations of X
Ionizing radiation
Cell death
Induced genomic instability Figure 1 Schematic presentation of radiation-induced genomic instability. Ionizing radiation induces DNA double-strand breaks, which cause apoptosis, senescence-like growth arrest, or necrosis. Among the progeny of surviving cells, various types of delayed phenotypes are expressed, but not uniformly, over several generations after irradiation. Delayed manifestations of induced genomic instability include delayed cell death, chromosomal instability, and mutagenesis Delayed DNA damage and radiation-induced genomic instability K Suzuki et al chromosomes with or without large deletions at the HPRT locus. The results indicated that X chromosomes with large deletions showed higher probability to induce delayed chromosomal instability (Table 1) . Thus, radiation-induced gross genome rearrangement could cause the generation of PUCRs. PUCRs are transmitted through the progeny of surviving cells for many generations. Their chance reactivation in the progeny of surviving cells could create unscheduled DNA strand breaks that would cause delayed manifestation of genomic instability. Interstitial PUCRs could result in chromosome fragments, and PUCRs near the centromere give rise to micronuclei (Smith et al., 1998) . Although PUCRs are potentially unstable, they are capable of persisting for prolonged periods. Alternatively, they could be transmitted through the bridgebreakage-fusion (BBF) cycle, as suggested by Marder and Morgan (1993) . If PUCRs are generated near the telomere region, they could cause telomere instability, as described elsewhere (Lo et al., 2002; Obe et al., 2002) . This is an attractive explanation of how chromosome aberrations involving telomere sequences destabilize for many generations (although convincing data from these labs suggest that telomere loss and sister chromatid fusion events are the mechanisms behind these observations). It should be mentioned that, in both rodent and human cells, not only telomere fusion but also chromosome fusion involving interstitial telomere repeat-like sequences initiate the BBF cycle and lead to delayed cell death (Desmaze et al., 1999; Morgan et al., 2002) .
There is accumulating evidence that each chromosome has its own chromosome territories Parada and Misteli, 2002; Tanabe et al., 2002) . Ionizing radiation causes large deletions or abnormal positioning of telomeres, which give rise to PUCRs, and they are supposed to alter the chromatin architecture within the nucleus. Furthermore, recent studies identify nuclear matrixattachment regions (MARs) along the entire length of chromosomes Marshall, 2002; Parada and Misteli, 2002) . Since MARs and telomeres might act as anchoring sites and thereby chromosomes are restrained from movement, loss of these sites untethers chromosomes from their confined domains. For example, at least one MAR is located in intron 3 of the HPRT gene (Boulikas, 1992; Chong et al., 1995) , and deletion of the HPRT gene involving this region may alter the position of the domain of chromosome X. As described recently, radiationinduced translocations of the chromosomes also have a significant influence on the chromatin organization in the nucleus (Figgitt and Savage, 1999) . Thus, distorted nucleosome architecture could be a possible mechanism to reactivate PUCRs. It also seems reasonable to suppose that chromosomes harboring PUCRs are more susceptible to the action of nucleases, which could cause increased breakage and subsequent rearrangement. Another possibility is that interstitial PUCRs are likely to affect the telomere-nuclear matrix association, and in fact, we have observed telomere instability of the X chromosome, which showed a large deletion. Furthermore, altered nuclear architecture may also change gene expression profiles by both upregulating or silencing gene transcription ). These physiological processes should be considered in further experiments in relation to the delayed expression of genomic instability phenotypes.
Induction of delayed effects
Ionizing radiation induces various delayed phenotypes, which are induced by DNA double-strand breaks, indicating that delayed DNA damage is associated with delayed phenotypes. Recent studies have shown that DNA double-strand breaks are recognized by ATM, and activated ATM mediates phosphorylation of various nuclear proteins, including p53, CHK2/Cds1, BRCA1, NBS1, and histone H2AX (Jackson, 2002; Zhou and Elledge, 2000; Khanna et al., 2001; Shiloh and Kastan, 2001; Shiloh, 2003 Figure 2 Induction of PUCR by ionizing radiation. Radiationinduced DNA double-strand breaks give rise to altered chromatin structure within the nucleus, through the process of DNA repair which is called PUCR. PUCRs are capable of transmitting through the progeny of surviving cells, and reorganizing chromatin architecture could be susceptible for causing delayed DNA breakage or inducing telomere instability, by which delayed phenotypes are expressed. PUCR is indicated in red, and telomeres and nuclear matrix attachment region are shown in green and blue, respectively SV40-immortalized normal human fibroblasts were irradiated with 3 Gy of X-rays, and HPRT mutants were selected in a medium containing 60 mm of 6-thioguanine (6-TG). The primary 6-TG-resistant colonies were isolated, and chromosome X was detected by WCP-FISH.
Delayed DNA damage and radiation-induced genomic instability K Suzuki et al 2001; Oren et al., 2002; Vousden and Lu, 2002) . As a result, activated p53 causes cell cycle arrest, apoptosis, and senescence-like growth arrest. Since one single DNA double-strand break is enough to activate p53 (Huang et al., 1996) , it is expected that delayed DNA damage arising in the progeny of surviving cells activates p53 protein.
To detect delayed DNA damage, we examined the phosphorylation of histone H2AX, whose phosphorylation occurs at the site of DNA double-strand breaks (Rogakou et al., 1998) . Histone H2AX is one of the subfamilies of histone H2A, which is a member of the nucleosome core histones. Quantitative analysis of 125 IdU-induced foci formation of phosphorylated histone H2AX indicated that one DNA double-strand break corresponded to one H2AX focus containing many phosphorylated histones in HT1080 human fibrosarcoma cells (Olga et al., 2002) . In our recent study, HT1080 cells, which retain the wild-type p53 response, were irradiated with 6 Gy of X-rays, and surviving cells were immunostained with antibody recognizing phosphorylated histone H2AX at 30-50 population doublings postirradiation (Suzuki et al., 2003) . Although very few control cells were phospho-H2AX positive, a significant number of treated cells showed phospho-H2AX foci, and more than 50% of them contained 420 foci, which were not detected in the control cells. Although there was a report, which failed to detect DNA strand breaks in rodent cells containing a single human chromosome 4, high incidence of spontaneous DNA breakage in rodent cells may provide different results. We have calculated that the number of phosphorylated H2AX foci corresponds to 0.5-1 Gy equivalent doses, which are sufficient to activate p53. In order to detect p53 activation, we have constructed a reporter plasmid containing the p53-responsible promoter and the bacterial b-galactosidase (b-gal) gene, and introduced it into HT1080 cells. More than 90% of the cells were stained blue when the cells were incubated with X-gal 4 h after 6 Gy of Xrays, while very few control cells were b-gal positive. Then, the primary colonies formed after irradiation with 6 Gy of X-rays were collected and subjected to secondary colony formation. We observed that a significant number of surviving colonies contained bgal-positive cells, indicating that delayed activation of p53 occurred in the progeny of irradiated cells.
It has been hypothesized that radiation-induced genomic instability could be the driving force underlying radiation carcinogenesis. Our current study shows that delayed DNA breakage was induced significantly up to 30-35 PDN postirradiation. These unscheduled DNA breakages may result in the accumulation of genomic alterations. However, delayed activation of p53 also plays a role as a guardian of the genome, and it protects genome integrity. In fact, we found frequently that the p53-positive cells were giant cells, or induced senescencelike growth arrest, one mode of reproductive death observed following ionizing radiation (Suzuki et al., 2001) . Thus, radiation-induced genomic instability enhances the accumulation of genetic alterations, but simultaneously delayed activation of p53 plays an indispensable role in eliminating the damaged cells and maintaining genomic integrity.
It should be mentioned that ionizing radiation also induces genomic instability in cell lines without a functional p53 (Kadhim et al., 1996) . For example, induced delayed DNA damage could cause dicentric chromosome formation, which is well known to inhibit cell division by forming chromosomal bridge, and the process does not need p53 function. This physiological process is much more frequently observed in tumor cells with defective p53 function than in normal cells. Delayed DNA breakage is also capable of inducing delayed apoptosis, and it is evident that induction of a point mutation does not require a p53 function. Thus, it can be said that radiation-induced genomic instability is induced in all cells, irrespective of the presence of a p53 function. An important causality should be that, in tumor cells or in cells with a mutated p53 function, radiation-induced genomic instability could be amplified (Liang et al., 2002) , which could accelerate destabilization of the genome.
Summary and prospective
Ionizing radiation has been known to induce genomic instability for many years. It manifests as delayed reproductive death (delayed lethal mutagenesis), apoptosis, chromosomal instability, and mutagenesis, indicating that radiation-induced genomic instability provides both the driving force for accumulating genetic alterations responsible for multistep carcinogenesis and the activation of cellular defense mechanism(s) to secure genome integrity. We propose that PUCRs are generated through the modification of DNA double-strand breaks, transmitted through the progeny for many generations, and that reactivation of PUCRs is involved in the delayed expression of instability phenotypes. Our recent studies have provided evidence indicating that delayed DNA breakage is directly involved in the expression of delayed phenotypes. But delayed DNA breakage can also be capable of stimulating intracellular stress response, like p53 response, which is also associated with the expression of delayed phenotypes indirectly.
Recent studies have shown that bystander effects (Price et al., 1998; Nagasawa and Little, 1999; are also involved in radiation-induced genomic instability (Barcellos-Hoff and Brooks, 2001; Mothersill and Seymour, 2001; Morgan et al., 2002; Lorimore and Wright, 2003) . Although the mechanism has not yet been elucidated, it can be hypothesized that it stimulates the production of reactive oxygen species over many generations after irradiation (Clutton et al., 1996; Narayanan et al., 1997; Limoli et al., 1998; Roy et al., 2000; Morgan et al., 2002) . These results expand our knowledge by demonstrating that not only intracellular factors but also extracellular factors are involved in genomic instability. These reactive intermediates are likely to cause delayed DNA breakage, which would lead to delayed reactivation of p53, as well as to the induction of various phenotypes related to genomic instability. Further studies should continue to provide answers to unresolved questions, and elucidating the molecular mechanisms underlying radiationinduced genomic instability should provide deep insights into radiation-induced carcinogenesis.
